We study the "lepton-specific" two Higgs doublet model, in which one doublet Φ ℓ gives mass to charged leptons and the other Φ q gives mass to both up-and down-type quarks. We examine the existing experimental constraints on the charged Higgs boson mass and the parameter tan β ≡ Φ 0 q / Φ 0 ℓ . The most stringent constraints come from LEP-II direct searches and lepton flavour universality in τ decays. The former yields M H ± ≥ 92.0 GeV; the latter yields two allowed regions, 0.61 tan β GeV ≤ M H ± ≤ 0.73 tan β GeV or M H ± ≥ 1.4 tan β GeV, and excludes parameter regions beyond the LEP-II bound for tan β 65. We present the charged Higgs decay branching fractions and discuss prospects for charged Higgs discovery at the LHC in this model. * Electronic address: logan@physics.carleton.ca
I. INTRODUCTION
While the Standard Model (SM) of electroweak interactions has been rigourously tested over the past two decades, the dynamics of electroweak symmetry breaking have yet to be probed directly. This leaves open the possibility of an extended Higgs sector more complicated than the single SU(2) doublet present in the SM.
Models with two Higgs doublets (2HDMs) have been studied extensively. In particular, the Type-II 2HDM [1, 2, 3, 4] , in which one doublet generates the masses of up-type quarks while the other generates the masses of down-type quarks and charged leptons, arises naturally in supersymmetric models; its collider phenomenology has received much attention.
The Type-I 2HDM [5, 6] , in which one doublet generates the masses of all quarks and leptons while the other contributes only to the W and Z boson masses, has also been widely considered, particularly in the context of indirect constraints. Other patterns of couplings of two Higgs doublets to SM fermions have been introduced [7, 8, 9] , but their phenomenology has not been extensively explored.
In this paper we study the "lepton-specific" two Higgs doublet model 1 , in which one doublet Φ ℓ generates the masses of the charged leptons while the second doublet Φ q generates the masses of both up-and down-type quarks. This coupling structure was first introduced in
Refs. [7, 8, 9] , and initial studies of the Higgs boson couplings and their detection prospects at the CERN Large Electron Positron (LEP) collider were made in Ref. [13] . Further studies of the couplings, decays, and phenomenology at the CERN Large Hadron Collider (LHC) of mainly the neutral Higgs bosons in this model have been made in Refs. [10, 11, 12, 14, 15, 16] .
This doublet structure was also introduced in Ref. [17] (along with additional SU(2) singlet scalars) in order to avoid the stringent constraints on the charged Higgs mass from b → sγ [18] that arise in the usual Type-II 2HDM.
We focus here on the charged Higgs boson H ± . We study the existing experimental constraints on the charged Higgs mass from direct searches as well as indirect constraints on the mass and couplings from virtual charged Higgs exchange in both tree-level and one-loop processes. Because of the structure of the Yukawa Lagrangian, couplings of H ± to leptons are enhanced by a factor of tan β ≡ Φ In Sec. IV we plot the decay branching fractions of H ± as a function of the charged Higgs mass for various values of tan β and compare them to those in the usual Type-II 2HDM.
We finish in Sec. V with a discussion of charged Higgs search prospects at the LHC and a summary of our conclusions.
II. THE MODEL
We begin with two complex SU(2)-doublet fields Φ q and Φ ℓ , with
The structure of the Yukawa Lagrangian that characterizes this model is enforced by imposing a discrete symmetry under which Φ ℓ and the right-handed leptons transform as
while all other fields remain unchanged. The resulting Yukawa Lagrangian is
where i, j are generation indices, y u,d,ℓ ij are the Yukawa coupling matrices, the left-handed quark and lepton doublets are
and the conjugate Higgs doublet is given by
The charged states φ + q and φ + ℓ mix to form the charged Goldstone boson and a single physical charged Higgs state,
where we define tan
, where M W is the W boson mass and g is the SU(2) gauge coupling.
The Feynman rules for charged Higgs boson couplings to fermions are given as follows, with all particles incoming:
Here V ij is the relevant CKM matrix element and P L,R ≡ (1 ∓ γ 5 )/2 are the left-and right-handed projection operators.
Note that the H +ν ℓ couplings are enhanced at large tan β while the H +ū d couplings are
suppressed. This enhancement of the lepton couplings is due to the m ℓ /v ℓ dependence of the lepton Yukawa couplings,
2 For comparison, the corresponding couplings in the Type-I 2HDM are [19] 
with tan β = v 2 /v 1 where v 2 is the vacuum expectation value of the Higgs field that couples to fermions; the other doublet is decoupled from fermions. In the Type-II 2HDM the couplings are [19] 
again with tan β = v 2 /v 1 ; this time v 1 (v 2 ) is the vacuum expectation value of the doublet that couples to down-type quarks and charged leptons (up-type quarks).
The maximum value of tan β is limited by the requirement that the τ Yukawa coupling remain perturbative,
This leads to an upper bound on tan β of tan β 1200.
In our numerical results we will consider values of tan β up to 100 or 200, corresponding to y τ values of about 1 or 2, respectively.
III. EXPERIMENTAL CONSTRAINTS

A. LEP-II direct search
The four LEP collaborations have presented combined limits [20] for e + e − → H + H − with H + → τ ν or cs, assuming that the branching ratios of these two decays add to 1. The 95% confidence level (CL) limits range from M H ± ≥ 78.6 GeV to 89.6 GeV; the strongest limit is reached for BR(H + → τ ν) = 1. Separately, the OPAL collaboration presented a charged
Higgs search in the τ ντ ν channel alone assuming BR(H + → τ ν) = 1, which excludes M H ± values below 92.0 GeV at 95% CL [21] .
In this paper we are interested in tan β values greater than a few. In this case, as we will show in Sec. IV, the branching ratio of H + → τ ν is very close to 1 for charged Higgs masses in the region of the LEP-II limit. We therefore take the more stringent OPAL limit [21] ,
B. Lepton universality in τ decays
The decays τ → µν µ ν τ , τ → eν e ν τ , and µ → eν e ν µ proceed at tree level in the SM through virtual W exchange. In models with two Higgs doublets they also receive a contribution from tree-level charged Higgs exchange. The tree-level partial width for these decays in the lepton-specific 2HDM is identical to that in the Type-II 2HDM [22, 23] ,
where here L denotes the initial lepton, ℓ denotes the final-state charged lepton, and the phase space factors f and g are given by [23] f (x) = 1 − 8x + 8x
The two terms in the parentheses in Eq. 14 come from the square of the usual SM W Additional 2HDM corrections to charged lepton decay arise from one-loop diagrams involving charged and neutral Higgs bosons contributing to the Lν L W and ℓν ℓ W vertices [24] .
Particularly significant are the corrections to the τ ν τ W vertex, because they involve two powers of the τ Yukawa coupling and are not suppressed by the charged Higgs coupling to muons or electrons. These τ vertex corrections are the same for the τ → µνν and τ → eνν channels. They also depend on the neutral Higgs masses and mixing angle as well as M H ± and tan β. In the present paper we focus on the charged Higgs sector alone; we will therefore consider an observable in which the one-loop corrections to the τ νW vertex cancel.
The SM W + ℓν couplings are generation-universal and τ and muon decay suffer no helicity suppression. The H + ℓν couplings, on the other hand, depend on the mass of the charged lepton involved. Therefore, tests of flavour universality in the couplings that mediate τ and muon decays are sensitive to charged Higgs contributions. The τ decay rates can be written in terms of the muon lifetime τ µ in the standard form (see, e.g., Ref. [25] ),
where r i RC are the QED radiative corrections to the SM decays. Here any deviations from flavour universality are parameterized by effective charged current couplings g e , g µ , and g τ , which are equal to 1 in the SM. Ratios of these parameters are extracted from measurements of the τ lifetime and the τ branching ratios to eνν and µνν. The current world-average experimental values are [25] g µ g e = 0.9999 ± 0.0020,
The observable g µ /g e comes from the ratio of the τ leptonic branching fractions. In the lepton-specific 2HDM we have at tree level,
and one-loop 2HDM corrections to the τ νW vertex cancel in the ratio. 3 The square root of this ratio is plotted in Fig. 1 as a function of M H ± / tan β, along with the current 2σ experimental limits from Ref. [25] . Inserting the experimental results yields two allowed regions at 95% CL:
This constraint begins to exclude parameter regions beyond the LEP-II bound when tan β
65.
Measurements of τ branching fractions from the proposed SuperB high-luminosity flavour factory [26] are expected to improve the precision on g µ /g e to better than 0.05% [25] . In the absence of a deviation from the SM prediction, this would give an even tighter constraint on the charged Higgs mass,
Such a constraint would exclude parameter regions beyond the LEP-II bound when tan β
30.
The constraints on M H ± and tan β due to LEP-II direct searches and flavour universality in τ decays are summarized in Fig. 2 . 3 We note that the tree-level expression for the other observable,
is very close to its SM value due to the m e factors in the charged Higgs exchange terms. This observable, however, is sensitive to the one-loop corrections discussed in Ref. [24] and can be used to constrain the neutral Higgs sector of the 2HDM. Such an analysis is beyond the scope of this paper. Note the allowed sliver of parameter space at lower M H ± / tan β.
charged lepton ℓ ± in the rest frame of the parent (L ± ) [28] :
Here θ is the angle between the ℓ ± momentum and the parent lepton's spin, x = 2E ℓ /m L , The most general expression for the Michel parameters is given by [29] 
where the couplings are defined in terms of the most general matrix element for the charged
Here γ = S, V , or T denotes scalar (
interactions, respectively, and the chiralities of ℓ and L are specified by α and
We consider the decay L → ℓνν where L (ℓ) is replaced by µ (e) for muon decay and by τ (µ or e) for τ decay. In the lepton-specific 2HDM, we have g 
The parameters ρ and δ are equal to their SM values and provide no constraints.
We summarize the constraints on M H ± and tan β from the Michel parameters in muon and τ decay in Table I . The strongest constraint comes from η and ξ in τ → µνν, which coincidentally yield the same limit at 95% CL: This constraint is not competitive with that from lepton flavour universality in τ decays.
We note that an improvement in the 2σ lower bound on η (ξ) in τ → µνν decay to −0.010 (0.996) would be required to raise this limit to M H ± ≥ 0.73 tan β GeV and eliminate the allowed sliver of parameter space at lower M H ± / tan β values from current data on lepton universality in τ decays (see Fig. 2 ).
B
In the Standard Model, the partial width for the decay B + → τ + ν τ mediated by tree-level W + exchange is given by
where m B + is the B + meson mass, V ub is the relevant CKM matrix element, and f B + is the B + meson decay constant defined according to
The partial width is proportional to m 2 τ because of helicity suppression and the term in the square brackets arises from the phase space.
In the lepton-specific 2HDM this decay receives an additional contribution from tree-level charged Higgs exchange; the total width becomes
Here the helicity suppression of the SM decay ensures that the charged Higgs contribution contains no additional factors of m τ . Note that the contributions from W + and H + exchange interfere destructively. Note also that this result differs from that in the Type-II 2HDM [32] ,
which has been used to constrain M H ± / tan β in that model (for recent results see Ref. [33] ).
In the lepton-specific 2HDM there is no tan 2 β enhancement of the charged Higgs contribution because while the charged Higgs coupling to leptons is proportional to tan β, its coupling to quarks is proportional to cot β (Eq. 9). Without the tan 2 β enhancement, the contribution due to charged Higgs exchange yields only a weak bound on M H ± .
The allowed charged Higgs mass values can be extracted according to
where τ B + is the B + lifetime. All quantities in Eq. 31 have been measured experimentally except for f B + , which can be taken from recent unquenched lattice QCD results [34] :
The current world average experimental value for the branching ratio B + → τ + ν τ from the BELLE and BABAR collaborations is [35] ,
The only other quantity in Eq. 31 with a non-negligible uncertainty is |V ub |, for which we take the global SM fit value [31] ,
Combining all uncertainties in quadrature we obtain
4 The only place that other nonstandard effects could creep in to this expression is through |V ub |, which is extracted from a SM fit to many b observables. However, we expect nonstandard effects from the lepton-specific 2HDM to be negligible in this fit because the quark Yukawa couplings are all proportional to cot β and thus suppressed for tan β > 1. which yields two allowed ranges for the charged Higgs mass at 95% CL:
The lower mass window is excluded by direct searches; the remaining limit is well below the LEP-II direct search bound (Eq. 13) and thus provides no new information.
The leptonic decay D 
and the current unquenched lattice QCD result for f Ds is [36] f Ds = 0.241 ± 0.003 GeV.
Combining all uncertainties in quadrature as in the previous section we obtain 6 
− m
In particular, there is about a 40% (or 3σ) discrepancy between the SM prediction and the experimental measurement 7 ; moreover, the branching fraction of D 
This is clearly excluded by direct searches; moreover, such a light charged Higgs in this model would yield sizeable effects in B + → τ + ν. The discrepancy thus cannot be explained in the context of the lepton-specific 2HDM. 6 For the remaining parameters we use |V cs | = 0.97334 (23) We note here that, in the absence of a deviation from the SM prediction, the current 
Other B decays
Other b quark decay processes have been used to constrain 2HDMs. In the leptonspecific 2HDM, however, they do not provide useful constraints at moderate to large tan β.
We discuss them briefly here.
The decay b → cτ ν receives a contribution from tree-level H + exchange [32, 38, 39] .
However, as in the case of B + → τ + ν, the tan β enhancement in the τ Yukawa coupling is cancelled by the cot β dependence of the quark Yukawa couplings, leading to very small charged Higgs effects, equivalent to those in the Type-II 2HDM with tan β = 1.
The decay B In the lepton-specific 2HDM, however, there is no tan β enhancement, again because the tan β from the lepton Yukawa coupling is cancelled by cot β factors from the quark Yukawa couplings. The constraints from this process are thus very weak.
Finally, the charged Higgs contributions to b → sγ involve couplings of the charged Higgs to quarks at both vertices, yielding two factors of cot β from the quark Yukawa couplings in the amplitude. The prediction for this process in the lepton-specific 2HDM is in fact identical to that in the Type-I 2HDM [41] . It can be used to constrain the parameter space at small tan β, yielding tan β 4 (2) for M H ± = 100 GeV (500 GeV) [12] , but provides no constraints at large tan β. 
D. Tevatron constraints
The Tevatron experiments have searched for charged Higgs production in top quark decays and set upper limits on the branching ratio for t → H + b with either H + → cs or H + → τ ν [42] . In the lepton-specific 2HDM the partial width for this top quark decay is proportional to cot 2 β, so that the channel can be important only at low tan β ∼ 1; in this parameter range the excluded regions can be taken over directly from the usual Type-II 2HDM analysis. The excluded regions lie below tan β ≃ 2 with M H + between the LEP lower bound and about 160 GeV [42] . This parameter region is already excluded by the b → sγ constraint discussed in the previous section.
IV. CHARGED HIGGS BRANCHING FRACTIONS
We now present the decay branching fractions of H + in the lepton-specific 2HDM, which we computed using a modified version of the public FORTRAN code HDECAY [43] . HDECAY For low tan β = 5 (Fig. 3) the branching fractions of H ± in the lepton-specific 2HDM are quite similar to those in the Type-II model, except that decays to bc and cs are suppressed.
This is due to the cot β suppression in the Yukawa couplings of both up-and down-type quarks in this model. The tb mode remains dominant for M H ± (m t + m b ) because m t cot β is still large compared to m τ tan β for tan β = 5.
As tan β increases, the suppression of the quark modes becomes more severe. For tan β = 20, the branching fraction to τ ν remains above 90% even for M H ± above the tb threshold.
For higher tan β values, the leptonic decays dominate completely.
In Fig. 7 we show the total width of the charged Higgs as a function of M H ± , for tan β = 5, 10, 20, and 100. For comparison we again show the equivalent quantity for the Type-II model. Below the tb threshold, where decays in both models are dominated by the τ ν final state, the total width of the charged Higgs is comparable in the two models.
Above the tb threshold, however, the different Yukawa coupling structure becomes obvi- ous. At low tan β = 5 the total width is dominated by tb and the tb threshold is obvious.
As tan β increases, however, the total width first declines, increasing again only at large tan β where the τ ν final state dominates and the tb threshold behaviour disappears entirely.
The total width of the charged Higgs in the lepton-specific 2HDM remains quite moderate, reaching ∼ 10 GeV only for large tan β ∼ 100 at M H ± = 600 GeV. For lower tan β ∼ 20, the total width remains below 1 GeV in this mass range, much lower than for the Type-II model. 
V. DISCUSSION AND CONCLUSIONS
The structure of the Yukawa couplings in the lepton-specific 2HDM poses a challenge for charged Higgs discovery at the LHC. The usual LHC discovery channels for the charged Higgs of the MSSM or other Type-II 2HDM involve production in association with a top quark [44, 45] followed by decay to τ ν or tb [46, 47] . In the MSSM this production channel is particularly promising at large tan β because the production cross section due to Yukawa radiation off the bottom quark grows with tan 2 β. In the lepton-specific 2HDM, however, the cross section in this channel is proportional to cot 2 β and thus heavily suppressed at large tan β. For M H ± below the top quark mass, the decay t → H + b with H + → τ ν has also been studied for the LHC [47, 48] . In the lepton-specific 2HDM the branching fraction for t → H + b is again suppressed by cot 2 β. We translate the 5σ charged Higgs discovery sensitivity quoted in Ref. [47] into the lepton-specific model by computing BR(t → H + b)
at tree level; we find the LHC discovery reach with 30 fb −1 to be tan β 4.9 (4.6, 2.4)
for M H ± = 100 (120, 150) GeV. Likewise, all other bottom-parton induced charged Higgs production processes in this model, such as H + W − associated production [49] and bb → H + H − [50, 51] , as well as gluon fusion production of H + H − via a third-generation quark loop [51, 52] , are suppressed by powers of cot β. Because of this, LHC searches for the charged Higgs in the lepton-specific 2HDM will have to rely on other production processes.
In Fig. 8 Charged Higgs pair production due to vector boson fusion (VBF),→ qqV 
9 PROSPINO computes the cross sections for supersymmetric particle pair production at NLO. We note that the pp → H + H − cross section is identical to that for selectron pair production, pp → e L e * L , and that the pp → H + A 0 cross section is exactly half that of pp → e * L ν e for corresponding scalar masses. We eliminate the supersymmetric QCD corrections included in PROSPINO by taking the squark masses to be very heavy. 10 We impose the following basic cuts on the jets in pp → jjH + H − : p T j ≥ 20 GeV, η j ≤ 5, ∆R jj ≥ 0.4, and the dijet invariant mass m jj ≥ 100 GeV. Also, while their effects are small [57] where p 1 , p 2 , k 1 , k 2 , and k 3 are the four-momenta of the incomingq and q ′ , and outgoing τ + , τ − , and H + , respectively, and q = p 1 + p 2 . The cross section is proportional to tan 2 β; we show results for tan β = 50, 100, and 200 in Fig. 8 , computed using MadGraph/MadEvent [58] .
In summary, we studied the phenomenology of the charged Higgs boson in the leptonspecific 2HDM. We showed that the charged Higgs mass and tan β are constrained by existing data from direct searches at LEP and lepton flavour universality in τ decays; the former yields M H ± ≥ 92.0 GeV and the latter yields two allowed regions, 0.61 tan β GeV ≤ M H ± ≤ 0.73 tan β GeV or M H ± ≥ 1.4 tan β GeV, excluding parameter space beyond the LEP-II bound for tan β 65. Improvements on τ decay branching fractions at the proposed SuperB high-luminosity flavour factory would bring this reach down to tan β 30. The B meson decays that are usually used to constrain the charged Higgs in the Type-II 2HDM provide no significant constraints in the lepton-specific model because the charged Higgs couplings to quarks are all proportional to cot β.
We also studied the decay branching ratios of the charged Higgs in this model and showed that decays to quarks are heavily suppressed at large tan β; in particular, the tb mode which typically dominates above threshold in the Type-II 2HDM falls below the 10% level for tan β 20. Instead, H + → τ ν dominates at large tan β for all H + masses.
The suppression of the quark couplings to the charged Higgs at large tan β in this model poses a challenge for LHC discovery since it suppresses the tH − associated production mode usually studied for the Type-II 2HDM. Instead, searches will have to rely on electroweak production of H + H − pairs or associated production of H ± with a neutral Higgs boson.
The cross section for associated production of H ± τ + τ − via Yukawa radiation is small but it provides direct sensitivity to the τ Yukawa coupling.
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